We study the tri-lepton signal for supersymmetric particle searches at the Tevatron including the CP phases Φ µ and Φ 1 and the production-decay spin correlations. The phases affect very strongly the production rate and the branching fractions of the leptonic chargino and neutralino decays and, as a result, could lead to a sharp drop in the tri-lepton signal rate. We demonstrate the importance of taking spin correlations into account by comparing the angular distribution of the lepton from the chargino decay in the correlated case with that in the un-correlated case. The tri-lepton spin-correlation leads to an interesting T-odd triple product of three lepton momenta, the size of which might be large enough to be detected at the upgraded Tevatron. PACS number(s): 14.80. Ly, 12.60.Jv, 13.85.Qk 
The low-energy Minimal Supersymmetric Standard Model (MSSM) [1] in general includes a large number of CP-violating phases. Nevertheless, their presence has largely been ignored in phenomenological analyses because of the complexity due to the introduction of many new independent parameters and because of severe constraints on individual phases by the experimental limits for electron and neutron electric dipole moments obtained by fixing other phases to zero [2] . However, many recent works [3, 4] have shown that these constraints could be evaded without suppressing the CP-violating phases of the theory. One intersting possibility is to arrange for partial cancellations among the different EDM contributions [4] . Following the suggestions that the phases do not have to be suppressed, many important works on the effects due to the phases have been already reported; the effects are very significant in extracting the parameters in the SUSY Lagrangian from experimental data [5] , estimating dark matter densities and scattering cross sections and Higgs boson limits [6, 7, 8] , and so on.
In this letter, we re-assess the prospects for discovering the tri-lepton signal of supersymmetry (SUSY) at the Tevatron including the CP phases as well as taking into account the spin-correlations of the production and subsequent decays:
and its charge-conjugate mode with only the e or µ for ℓ and ℓ ′ . Most works [9] on the SUSY trilepton signal have been done under the assumption that all the couplings are related at the grand unification or Planck scale and real. On the other hand, several Monte Carlo analyses [10] have neglected spin correlations between production process and decays due to the fact that charginos and neutralinos are spin-1/2 particles. For our re-assessment, we take the so-called minimal reasonable model (MRM) suggested by Brhlik and Kane [6] as such a physically-feasible framework. The SUSY parameter set of the electroweak gaugino sector in the MRM, {|M 1 |, Φ 1 , M 2 , |µ|, Φ µ , tan β} is the most general one compatible with the particle content of the MSSM. By field reparametrizations, the phase of the SU(2) gaugino mass M 2 can be rotated away so that M 2 is assumed real and positive without loss of any generality while the phases Φ 1 and Φ µ of the U(1) gaugino mass M 1 and higgsino mass parameter µ remain as physical phases. In a general phase convention, Φ 1 and Φ µ should be replaced by two re-phasing invariant combinations, Φ 1 −Φ 2 and Φ µ +Φ 2 . For the sfermion sector, the MRM assumes the flavor-diagonal sfermion mass matrices, a universal mass for sfermions of each chirality, and the vanishing trilinear terms A e = A µ = 0 * while retaining the third-generation trilinear terms
We assume the universality condition for the sake of having a controllable number of parameters and keep the effects due to its violation small by taking rather large sfermion masses and trilinear couplings so that our findings in the specific model are qualitatively valid in the general MSSM with more complciated sfermion sectors as well.
Our primary purpose is to investigate the impact of two phases {Φ 1 , Φ µ }, and the gaugino and higgsino parameters |M 1 |, M 2 and |µ| on the tri-lepton SUSY signal at the Tevatron while fixing other SUSY parameters to the set tan β = 3, mẽ L,R = mν = 200 GeV, mQ = mũ = md = 500 GeV,
with the pseudo-scalar mass m A by taking into account spin-correlation effects between the associated production and the leptonic decays of the chargino and neutralino pair. Notice that squark masses are taken to be larger than slepton masses, which is compatible with the sfermion spectrum in the minimal supergravity framework. A relatively small tan β = 3 and large sfermion mass parameters which we take into account in our analysis tend to degrade the importance of sfermion mixing effects except the effects from the stop sector. For the sake of simplicity, we have set the phases corresponding to trilinear terms for the 3rd generations to zero. It is to be noted that these terms has no significant effect to this scenario what has been considered here. We also concentrate on only the e and µ as the final-state leptons † . Then, the spin-correlated trilepton signal does not directly involve the parameters related to the third-generation particles although they may affect the decay branching fractions indirectly. [Certainly, for the large tan β case, we need to incorporate all the possible contributions, especially, from the stau and sbottom sectors.] Finally, we take the gaugino unification condition
The parton-level production process dū →χ − 1χ 0 2 for the associated chargino and neutralino production is generated by the s-channel W − exchange, t-channeld exchange and u-channelũ * exchange and the chargino and neutralino decays by the sneutrino, slepton as well as off/on shell W exchanges. A convolution of an effective parton distribution is needed to give the total cross section in pp collisions. For our analysis the CTEQ4m parton distribution function [12] is used with the QCD scale of the c.m. energy of the parton-level process. Figure 1 shows the production cross section of the associated negative chargino and neutralino pair at the Tevatron for the parameter set (1) and at the c.m. energy of 1.8 TeV. We take into QCD radiative correction to the production cross section by taking the value of k = 1.3 [13] . The production cross section for the positive chargino and neutralino pair is the same as its charge-conjugate one. The left figure is generated by fixing |µ| = 200 GeV and varying M 2 , the right figure by fixing M 2 = 200 GeV and varying |µ|. The production cross section abruptly decreases with M 2 and/or µ, of which the increase reflects that of the produced sparticle masses. It is much more sensitive to Φ µ than Φ 1 , which is more predominant for M 2 smaller than |µ|. Note that these figures have impact in determining the phases when the MSSM paramters(M 2 , µ and tan β ) are known and production cross section is also measured. 
Figure 1: Production cross sections of the associated chargino-neutralino pair at the Tevatron for the parameter set (1).
The decay patterns for the charginos and neutralinos also are very model dependent. The chargino decayχ
l occurs though the W -exchange, slepton and sneutrino exchanges. For the sneutrino and slepton much heavier than the chargino, the W -exchange contribution dominates, and the decay branching ratios among the leptonic modes are determined by those of the on-shell W boson. Similarly, the 3-body decaỹ χ 0 2 →χ 0 1 ℓ − ℓ + occurs through virtual Z bosons and sleptons. For the sleptons much heavier than the neutralino, the neutralino decays proceed through Z * with branching ratios similar to those of the on-shell Z boson. We calculate the semileptonic branching fractions fully incorporating all the possible decay modes of the chargino and neutralino and find that the branching fractions are extremely sensitive to Φ µ and Φ 1 . (1) . The partial branching fractions drastically change with respect to Φ µ and exhibit very different behaviors for the values of Φ 1 ; 0 (solid line), π/4 (dashed line), π/2 (dotted line) and π (dot-dashed line). In particular, there exists a sharp drop for Φ 1 = π/2 in the neutralino branching fraction for which the chargino braching fraction is, however, not so much suppressed. Numerically, we have checked that the suppression is because the second lightest neutralino becomes more higgsino-like for those phases while the lightest chargino and neutralino become more gaugino-like, and as a result the Z-exchange contribution to the neutralino decay becomes larger in size. As shown in the lower figures, the mass differences, mχ− A realistic analysis for the tri-lepton signal demands a numerical simulation fully incorporating all the background processes, for which one needs to make a quite considerable investigation. We defer the investigation to our next work [14] and present the total event rate of the trilepton signal without any experimental cuts against possible backgrounds. Figure 3 shows the total cross section of the tri-lepton signal versus Φ µ for three values of Φ 1 ; 0, π/4 and π/2, fixing M 1 = 100 GeV and |µ| = 200 GeV. In all the cases, the total rate does not decrease monotonically, but falls by a large amount at a finite value of Φ µ which is neither zero nor π. One can see that Φ µ for the minimal rate is similar to that for the minimal mass difference between the lightest chargino or second lightest neutralino and the lightest neutralino (See Fig. 2) . As a result, the behaviors of the total rate of the tri-lepton signal could be more drastic, since the low-energy final-state to the LSP might be rejected by tight lepton energy cuts. Therefore, the very existence of the sharp drop in the event rate and the simultaneous small mass splitting for finite CP phases reflect that the range of the chargino and neutralino masses, which could be ruled out at the Tevatron, might be much smaller than that [15] ruled out in the context of SUGRA and GUT inspired SUSY models.
One may use various experimental cuts [15] to identify the three final-state leptons from the chargino and neutralino decays effectively while keeping the contaminations from all the background processes as low as possible. For the purpose, it will be very important to fully understand the event topology of tri-lepton signal, which depends on the polarizations of the decaying spin-1/2 chargino and neutralino. In a covariant language [16] , the overall event topology of the tri-lepton signal can be determined by
obtained by combining the production cross section dσ prod = dσ prod [1 − P µ n µ −P µnµ + Q µν n µnν ] with the polarized decay distributions dΓχ−
Here, n andn are the polarization vectors of the chargino and neutralino, respectively, and Figure 4 : Angular distribution of the charged lepton from the lightest chargino in the trilepton signal for the phases {Φ µ , Φ 1 }; (a) {0, 0}, (b) {π/2, 0}, (c) {π, π/2} and {π, π}. In each figure, the solid line is for the spin-correlated case and the dashed line for the un-correlated case.
The full incorporation of the spin-correlations (2) involves a lot of correlated terms, which many Monte Carlo simulations [10] have simply neglected by only including the first un-correlated term in Eq. (2) . Here, we take as an easily-measurable kinematical variable, the scattering angle Θ ℓ of the lepton from the chargino decay, with respect to the proton beam direction and estimate the variations of the lepton angular distribution of the tri-lepton signal due to the spin-correlation effects. Figure 4 shows the lepton angular distribution of the tri-lepton signal for both the un-correlated case (dashed line) and the fully-correlated case (solid line). We have assumed that the neutralino decays to a specific leptonic mode with a different lepton flavor, and have taken 4 different sets of {Φ µ , Φ 1 }; (a) {0, 0}, (b) {π/2, 0}, (c) {π, π/2} and (d) {π, π}. Even for this simple distribution, the distribution without spin correlations has the danger of not correctly reflecting the real distribution with the full spin correlations. Certainly, the total event rate without any experimental cuts remains the same even in the un-correlated case, but it will be inevitable to apply some efficient experimental cuts to suppress managable backgrounds and so to consider the spin-correlations correctly. Table 1 : Average values of the T-odd observable and its square, the total cross section and the integrated luminosity for 1 − σ level detection versus Φ µ and Φ 1 . We take M 2 = 100 GeV and |µ| = 200 GeV. 
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The spin-correlations allow us to construct a lot of useful observables [5] . Among them, one very interesting observable is the so-called T-odd triple product of 3-momenta of the three final-state leptons in the tri-lepton signal:
The observable (3) enables us to directly probe the CP-violating phases when we neglect tiny CP-preserving phases from the particle decay widths. Using M 2 = 100 GeV and |µ| = 200 GeV and eight different combinations of the phases Φ µ and Φ 1 , we present in Table 1 the average of the T-odd observable and its square, the total cross section and the integrated luminosity for the 1-σ level detectability of the CP-violation effect, which is defined as
where X ≡ X dσtot dΦ dΦ/σ tot over the total phase space volume Φ. In estimating the integrated luminosity, we take into account four possible comibinations of three finalstate leptons; (e − , e + , e − ), (e − , µ + , µ − ), (µ − , e + , e − ) and (µ − , µ + , µ − ) and their chargeconjugate modes as well. [Notice the factor 1 8 in Eq. (4)]. Certainly, the full use of all eight final-state combinations will require an efficient identification of the lepton from the chargino decay and the equal-charged lepton of the same-flavor lepton-pair from the neutralino decay. The 1-σ level integrated luminosity varies from a few fb −1 to at most a few hundred fb −1 , depending on the phases. So, there is a fairly large possibility of observing T (and CP) violation through the triple product at the upgraded Tevatron with its designed luminosity of about 20 fb −1 .
To summarize, we have investigated the impact of the phases Φ µ and Φ 1 on the trilepton SUSY signal at the Tevatron and estimated the spin-correlation effects taking as an example the angular distribution of the lepton from the chargino decay. The phases greatly affect the production cross section and especially the partial leptonic branching fractions of the chargino and neutralino. As a result, there may exist a very sharp drop of the tri-lepton rate for non-vanishing phases. This implies that one should be careful when interpreting the chargino and neutralino mass limits derived under the assumption of vanishing phases [15] , since the worst case is not (always) covered by just flipping the sign of µ; rather it can occur from some non-trivial phases in between. Depending on the phases, the spincorrelated lepton angular distribution can differ from the un-correlated one significantly, in particular, near the forward and backward region. Generally speaking, we need to incorporate the spin-correlations appropriately for certain kinematical observables. The spin-correlated event topology of the tri-lepton signal leads to the T-odd triple product of three final-state lepton momenta that can be sizable for some finite values of the phases Φ µ and Φ 1 . It is being urged to revisit the experimental analysis to constrain SUSY, considering that the theory is CP non-invariant. As a concluding remark, we note that a lot of useful observables can be constructed and many additional CP phases can be introduced if there is non-trivial chirality and/or flavor mixing among sfermions, especially, staus at a large tan β. We will discuss in more detail these issues in a future publication.
